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HIGHLIGHTS 


►  Impacts  of  varying  IECs  in  AEMs  on  the  performance  of  H2/O2  fuel  cells  were  studied. 

►  The  power  density  of  fuel  cells  using  the  AEM  (0.90  mmol  g-1)  reached  285  mW  cirr2  at  50  °C. 

►  EIS  revealed  that  the  OH  transport  resistance  was  a  key  factor  limiting  AEMFC  performance. 

►  The  OH~  transport  resistance  depended  on  the  nature  of  the  AEM  and  the  cell  voltages. 
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Anion-exchange  membranes  (AEMs)  with  varying  amounts  of  quaternary  ammonium  groups  (0.51,  0.70, 
and  0.90  mmol  g  ’)  grafted  onto  a  styrene-ethylene/butylene-styrene  (SEBS)  block  copolymer  were 
prepared  and  studied  for  their  impact  on  the  performance  of  solid  electrolyte  H2/O2  fuel  cells.  A  higher 
content  of  quaternary  ammonium  groups  in  the  membranes  resulted  in  higher  ionic  conductivity  and 
lower  OH~  transport  activation  energy  in  the  membranes,  which  in  turn  resulted  in  lower  cell  over¬ 
potentials  and  higher  power  density  in  the  performance  of  the  AEM  fuel  cells.  By  increasing  the 
quaternary  ammonium  group  from  0.51  to  0.90  mmol  g  1  in  the  AEMs,  the  power  density  of  the  AEM 
fuel  cells  at  50  °C  was  found  to  increase  from  169  to  285  mW  cm  2.  For  comparison,  the  performance  of 
AEM  fuel  cells  using  a  commercial  Tokuyamma  A901  AEM  was  also  tested.  Electrochemical  impedance 
spectra  (EIS)  recorded  during  the  operation  of  the  AEM  fuel  cells  revealed  that  the  transportation 
resistance  of  the  OH  ions  from  the  cathode  to  the  anode  through  the  AEM  depended  on  the  nature  of 
the  AEM  and  the  cell  voltage  and  is  a  critical  factor  to  consider  for  improving  the  performance  of  AEM 
fuel  cells. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Alkaline-based  fuel  cells  as  low-cost,  high-performance  power 
sources  can  potentially  replace  state-of-the-art  proton  exchange 
membrane  fuel  cells  (PEMFCs)  in  many  applications  [1-10], 
Compared  with  the  PEMFCs,  the  alkaline-based  fuel  cells  have 
a  wider  choice  of  stable  and  active  non-Pt  catalysts  for  oxygen 
reduction  reactions  and  hydrogen  oxidation  reactions  [11—18], 
Using  a  concentrated  alkaline  solution,  alkaline  fuel  cells  (AFCs) 
were  used  as  a  power  source  for  space  shuttle  applications,  but  they 
continue  to  face  fundamental  challenges  for  applications  on  the 
earth  because  the  aqueous  KOH  electrolyte  reacts  with  the  CO2 
from  the  air  to  form  carbonate  species  that  lower  the  AFC 

*  Corresponding  author.  Tel:  +1  317  274  4280. 

E-mail  address:  rochen@iupui.edu  (R,  Chen). 

0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.org/10.1016/jjpowsour.2012.07.051 


performance  and  reduce  the  lifetime  of  the  cell  through  the 
formation  of  carbonate  precipitates  on  the  electrodes  [19],  The 
recently  developed  alkaline  exchange  membrane  fuel  cells 
(AEMFCs)  [20—23]  aim  to  overcome  the  challenges  faced  by  the 
AFCs.  Since  there  is  no  mobile  cation  in  either  the  AEMs  or  the 
electrodes,  the  formation  of  carbonate  precipitates  on  the  elec¬ 
trodes  is  no  longer  a  major  issue.  However,  a  lack  of  suitable  AEMs 
and  ionomers  to  meet  performance  and  durability  requirements  is 
still  one  of  the  major  challenges  in  developing  AEMFCs  for  many 
applications. 

Since  2005,  there  have  been  significant  efforts  to  develop  AEMs 
and  ionomers  by  grafting  quaternary  ammonium  groups  or 
quaternary  phosphonium  groups  onto  different  polymers.  The 
polymers  include  poly(vinylidene  fluoride)  (PVDF)  [24], 
poly(tetrafluoroethylene-co-hexafluoropropylene)  (FEP)  [25], 
poly(ethylene-co-tetrafluoroethylene),  poly(ether  imide)  [26], 
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poly(arylene  ether  sulfone)  [27],  poly(2,6-dimethyl-l,4-phenylene 
oxide)  (PPO)  [28],  poly(phthalazinone  ether  ketone)  (PPEK)  [29], 
etc.  In  the  last  few  years,  the  performance  of  AEMFCs  has  been 
improved  significantly,  e.g.  the  peak  power  capacity  has  been 
increased  from  initially  a  few  mW  cm-2  to  currently  500  mW  cm  2 
[30],  In  our  previous  work  [31],  we  demonstrated  that 
styrene— ethylene/butylene— styrene  (SEBS)-based  ionomers  had 
excellent  dimensional  stability  and  superior  performance  in 
AEMFCs  due  to  their  unique  nanostructures.  This  work  aims  to 
study  how  varying  OH  conductivity  affects  the  performance  of 
AEMFCs.  Three  anion  exchange  membranes  were  prepared  by 
grafting  varying  numbers  of  quaternary  ammonium  groups  onto 
the  SEBS  block  co-polymer.  The  ion  exchange  capacity  (IEC),  water 
uptake,  swelling,  ionic  conductivity,  and  thermal  stability  of  the 
membranes  were  tested.  Both  the  performance  and  the  electro¬ 
chemical  impedance  spectra  (EIS)  of  AEMFCs  with  the  prepared 
membranes  were  studied  and  compared  with  those  obtained  in 
AEMFCs  using  the  commercial  Tokuyamma  A901  AEM. 


2.  Experimental 

2.1.  Membrane  synthesis 

Kraton  G  SEBS  A1535  H  was  purified  by  precipitation  from 
a  5  wt.%  chloroform  solution  to  methanol  before  chlor- 
omethylation.  Chloromethylation  was  carried  out  following 
a  modified  procedure  disclosed  in  our  previous  work  [32],  Specif¬ 
ically,  for  the  chloromethylated  SEBS  (CMSEBS),  2.5  ml  of  chlor- 
omethyl  methyl  ether  was  diluted  in  10  ml  of  chloroform  followed 
by  the  slow  addition  of  30  pi  of  SnCU  in  a  three-neck  flask  equipped 
with  a  condenser  in  an  oil  bath  at  65  °C.  After  mixing  for  30  min, 
a  5  wt.%  SEBS  (2  g)  chloroform  solution  was  added  to  the  above 
mixture  drop-wise.  The  solution  was  stirred  for  6—48  h  at  65  °C. 
Chloromethyl  functionality  was  controlled  by  conversion,  which 
was  monitored  by  'H  NMR  and  recorded  on  a  500  MHz  NMR 
(Bruker  Avance  II  500  MHz)  spectrometer  in  CDC13,  as  shown  in 
Fig.  1.  The  crude  CMSEBS  was  precipitated  in  a  methanol  solution 
and  then  washed  several  times  with  methanol  before  being 
vacuum  dried  overnight  at  room  temperature.  Quarternized  SEBS 
(QSEBS)  ionomers  were  derived  from  the  amination  of  the  CMSEBS 


8  (ppm) 


Fig.  1.  (a)  ]H  NMR  spectra  of  Kraton  G  SEBS  A1535  H  and  (b)  CMSEBS-M  in  chloroform-d. 


with  trimethylamine.  2  g  of  CMSEBS  was  first  dissolved  in  40  ml  of 
THF.  10  ml  of  methanol  was  then  added  to  the  solution  to  ensure  no 
gelation  or  precipitation  occurred  during  the  quaternization  reac¬ 
tion.  2  mol  folds  of  trimethylamine,  relative  to  the  chloromethyl 
group,  were  slowly  added  to  the  solution  with  adequate  agitation. 
The  solution  was  kept  at  40  °C  for  at  least  12  h  to  guarantee 
a  complete  conversion.  Membranes  (~30  pm  thickness)  were  ob¬ 
tained  by  casting  a  quaternized  ionomer  solution  on  a  PTFE 
substrate  and  slowly  evaporating  the  solvents.  Then  the 
membranes  were  heated  at  110  °C  for  3  h. 


2.2.  NMR  characterization 

A  ’H  NMR  (500  MHz)  analysis  of  SEBS  for  both  the  starting 
material  and  the  CMSEBS  was  performed  on  a  Bruker  Avance  II 
500  MHz  instrument  using  chloroform-d  as  the  solvent  and  tetra- 
methylsilane  (TMS)  as  the  internal  reference.  Since  the  final  ion¬ 
omers  after  amination  were  insoluble  in  chloroform-d,  NMR 
spectra  were  not  acquired. 

2.3.  Ionic  conductivity 

Membranes  were  immersed  in  1  M  KOH  for  48  h  to  exchange  the 
Cl"  with  OH  .  The  OH'  ionic  conductivity  of  the  membrane  was 
measured  using  AC  impedance  spectroscopy  with  a  Solartron  1250 
frequency  response  analyzer  interfaced  with  a  Solartron  1287 
potentiostat/galvanostat.  The  measurements  were  conducted  in 
galvanostatic  mode  with  set  frequencies  ranging  from  0.1  Hz  to 
60  kHz  with  the  galvanostatically  controlled  AC  current  as  5  mA.  A 
standard  four-probe  conductivity  cell  (BekkTech  LLC,  Loveland,  CO) 
was  used  to  assemble  the  membrane  test  samples.  The  tested 
assembly  was  completely  immersed  in  de-ionized  water  pre¬ 
equilibrated  to  the  temperature  of  30  °C,  40  °C,  50  °C,  60  °C,  and 
80  °C  respectively,  and  then  immediately  measured.  This  was  done 
to  eliminate  any  potential  interference  caused  by  reaction  of 
hydroxide  ions  with  dissolved  carbon  dioxide.  Ionic  conductivity 
was  calculated  as  follows: 


where  L  is  the  length  of  the  membrane  between  two  potential 
sensing  platinum  wires  in  centimeters  (cm),  R  is  the  membrane 
resistance  in  ohms  (Q),  T  is  the  thickness  of  the  membrane  in  cm 
and  W  is  the  width  of  the  membrane  in  cm. 

2.4.  Ion-exchange  capacity  (IEC) 

The  IEC  of  the  membranes  was  determined  by  the  back  titration 
method.  Approximately  200  mg  of  membranes  (in  OH-  form)  were 
immersed  in  20  ml  of  a  0.1  M  HC1  standard  solution  for  48  h.  The 
solution  was  then  titrated  with  a  standard  solution  of  potassium 
hydroxide  (0.1  M)  to  pH  7.  After  titration,  the  membrane  was 
soaked  in  0.1  M  HC1  for  48  h  then  washed  and  immersed  in  DI  water 
for  48  h  to  remove  the  remaining  HC1.  It  was  then  vacuum  dried  at 
70  °C  for  24  h  before  being  weighed  to  determine  the  dry  mass  (in 
Cl-  form).  The  IEC  of  the  membrane  was  calculated  by 

IEC  (mequiv  g'1)  =  — — —  (2) 

v  /  md 

where  M\  is  the  milliequivalents  (mequiv)  of  HC1  before  membrane 
neutralization,  Mf  is  the  mequiv  of  HC1  measured  after  neutralization, 
and  md  is  the  mass  of  the  dried  membrane  in  grams  with  Cl-  form. 
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2.5.  Water  uptake 

The  weight  differences  of  membranes  before  and  after  soaking  in  DI 
water  at  room  temperature  for  24  h  were  used  to  calculate  the  water 
sorption  of  the  membranes.  The  membranes  were  weighed  immedi¬ 
ately  after  being  removed  from  DI  water  and  after  gently  blotting  the 
excess  water  from  the  surface  with  tissue  paper.  Then  the  membranes 
were  dried  overnight  at  70  °C  by  vacuum.  The  dry  membranes  were 
transferred  immediately  to  a  desiccator  before  being  cooled  to  room 
temperature.  The  dry  membrane  weights  were  recorded  and  the  water 
sorption  of  the  membranes  were  calculated  by 

Water  Sorption(%)  *  ’'  **  x  1 00%  (3 ) 

Wdry 

where  WWet  is  the  weight  of  the  wet  membranes  in  Cl”  forms  in  grams, 
and  Wdry  is  the  weight  of  the  dry  membranes  in  OH”  forms  in  grams. 

2.6.  Swelling 

Membrane  swelling  tests  were  conducted  in  the  same  manner 
as  described  in  our  previous  study  [31  ].  The  membranes  in  Cl”  form 
were  soaked  in  a  1.0  M  KOH  solution  for  24  h.  The  dimension  of  the 
wet  membrane  was  measured  after  quickly  wiping  the  excess 
water  from  the  surface.  Swelling  was  measured  in  three  directions 
(x,  y,  and  z  directions)  by  recording  the  dimensions  of  the  dry 
membranes  and  the  wet  membranes  and  was  calculated  using  the 
following  equation: 

Swelling(%)  =  Lwet~Ldry  x  100%  (4) 

t-dry 

where  Lwet  is  the  length  of  the  wet  membranes  in  cm,  and  Ldry  is  the 
length  of  the  dry  membranes  in  cm. 

2.7.  MEA  fabrication 

The  Tokyamman  A4  ionomer  was  used  as  the  catalyst  binder. 
Catalyst  inks  for  both  the  anode  and  cathode  consisted  of  16  mg  of 
carbon-supported  Pt/C  (50  wt.%  Pt  from  Alfa  Aesar),  2  ml  of  a  THF/ 
methanol  mixed  solvent,  and  the  A4  ionomer  with  an  80:20  catalyst  to 
ionomer  weight  ratio.  After  homogenizing  by  sonication,  the  ink  was 
simply  airbrushed  onto  6.25  cm2  of  the  prepared  membranes  ( — 30  pm 
thick)  or  the  commercial  Tokuyamma  A901  membranes  ( ~  13  pm 
thick),  respectively.  The  MEA  was  sandwiched  between  two  pieces  of 
Toray  Carbon  Paper  TGP-H-090  to  form  a  single  cell  with  an  active 
electrode  area  of  4.5  cm2.  A  fuel  cell  test  system  (Scribner  Associates 
Model  850e)  was  used  for  controlling  the  cell  temperature,  humidity, 
H2  and  O2  flow  rate,  and  back-pressure.  The  temperature  of  the  fuel  cell 
was  maintained  with  a  tolerance  of  ±0.2  °C.  Fuel  cell  performance  and 
impedance  were  tested  using  an  8-channel  Solartron  1470  cell  tester. 
The  fuel  cells  were  operated  at  50  °C  and  20  psi  backpressure  for  both 
H2  and  02  gases.  Impedance  spectra  were  recorded  by  superimposing 
a  10  mV  AC  signal  on  the  cell  voltages  of  0.900,  0.700,  0.500,  and 
0.300  V  in  the  potentiostatic  mode  with  frequencies  ranging  from 
100  kHz  to  0.1  Hz.  The  electrochemical  impedance  spectra  were 
simulated  by  ZSimpWin  software. 

3.  Results  and  discussion 

3.1.  Preparation  and  characterizations  of  AEMs  with  varying 
amounts  of  functional  groups 

A  commercially  available  SEBS  with  styrene  composition  of 
57  wt.%  was  used  as  the  starting  material  to  prepare  membranes 


with  three  IECs.  The  synthetic  procedure  of  the  quaternary 
ammonium  SEBS  block  copolymer  for  the  membrane  is  shown  in 
Scheme  1.  The  chloromethylation  reaction  of  the  activated  aryl  ring 
on  the  SEBS  block  co-polymers  occurred  in  a  diluted  chloroform 
solution  by  chloromethyl  methyl  ether  under  catalysis  of  tin(IV)  at 
the  reaction  temperature  of  65  °C.  The  chloromethylation  reaction 
was  monitored  by  1H  NMR,  as  shown  in  Fig.  1.  The  concentration  of 
attached  chloromethyl  groups  can  be  controlled  by  the  chlor¬ 
omethylation  reaction  time  from  the  integrated  intensity  of  peak  9, 
as  shown  in  Fig.  lb  (%  NMR  (500  MHz,  chloroform-d,  25  °C,  TMS): 
5=4.5  (s,  2H,  CH2))  to  obtain  the  three  final  copolymers  with 
different  IECs. 

Using  the  back  titration  method,  the  IEC  of  the  prepared 
membranes  was  tested  as  0.51,  0.70,  and  0.90  mmol  g”1,  and  the 
prepared  membranes  were  donated  as  SEBS:0.51,  SEBS:0.70,  and 
SEBS:0.90,  respectively.  The  IEC  of  the  prepared  membrane 
(SEBS:0.90)  was  very  close  to  the  value  (0.97  mmol  g”1 )  observed  in 
the  commercial  Tokuyamma  A901  membrane.  The  relations  of  ionic 
conductivity,  water  uptake,  and  dimensional  stability  (swelling)  as 
a  function  of  the  IECs  of  the  membranes  are  shown  in  Fig.  2  and 
Table  1.  From  the  results,  one  can  see  that  the  ionic  conductivity, 
water  uptake,  and  swelling  of  the  prepared  SEBS  membranes  and 
the  commercial  A901  membrane  were  proportional  to  their  IEC 
values.  The  water  uptake  and  swelling  of  the  prepared  SEBS:0.90 
membrane  with  0.90  mmol  g”1  IEC  were  higher  than  that  of  the 
commercial  A901  membrane  with  0.97  mmol  g”1  IEC,  which  indi¬ 
cates  that  the  commercial  A901  membrane  is  dimensionally  more 
stable  than  our  homemade  SEBS  membranes  with  a  similar  IEC 
value.  The  conductivity  of  the  membranes  is  often  compromised  in 
order  to  restrain  the  swelling.  In  our  earlier  work  [31  ],  SEBS-based 
polymeric  electrolytes  with  higher  IECs  (~1.30  mmol  g”1)  were 
successfully  prepared  and  used  as  ionomer  binders  for  preparing 
catalyst  layers.  However,  the  membranes  made  from  such  high  IEC 
polymeric  electrolytes  were  too  soft  to  use  for  MEAs.  As  a  result,  we 


butylene-styrene  block  copolymer  for  membranes  in  Cl  form. 
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IEC  (mmol  g'1) 


Fig.  2.  Ionic  conductivity,  water  uptake,  and  swelling  degree  properties  as  a  function  of 
IEC  for  QSEBS  membranes  and  the  Tokuyamma  A901  membrane  at  room  temperature. 


prepared  the  tested  membranes  with  moderate  IECs.  The  ionic 
conductivities  of  the  block  copolymer-based  SEBS  membrane  and 
the  commercial  A901  membrane  as  the  function  of  temperatures 
are  shown  in  Fig.  3a.  By  increasing  the  temperature  from  30  to 
80  °C,  all  the  membranes  showed  incremental  ionic  conductivity 
with  the  increase  in  temperature  without  obvious  evidence  of 
conductivity  loss  for  degradation  of  the  functional  groups. 

Assuming  the  ionic  conductivity  of  the  membranes  follows  the 
Arrhenius  behavior,  the  OH-  transportation  activation  energy  £a  in 
the  SEBS:0.51,  SEBS:0.70,  and  SEBS:0.90  membranes  can  be  derived 
from  Fig.  3a  and  calculated  as  20.96,  19.95,  and  16.37  kj  mol-1, 
respectively,  by  using  the  equation  Ea  =  -b*R  [25,33],  where  b  is  the 
slope  of  the  regression  line  of  In  a  vs.  1000/T  (Fig.  3b),  R  is  the  gas 
constant  (8.314  J  K-1  mol-1),  T is  the  absolute  temperature  (K),  and 
a  is  the  OH-  conductivity.  Among  the  three  tested  SEBS 
membranes,  the  membrane  (SEBS:0.90)  with  the  highest  OH- 
conductivity  showed  the  lowest  activation  energy  for  the  OH- 
transportation  and  had  an  activation  energy  (16.37  kj  mol-1)  close 
to  that  obtained  in  the  Tokuyamma  A901  membrane 
(14.10  kj  mol-1). 

3.2.  Performance  of  H2/O2  AEMFCs  with  various  AEMs 

The  performance  of  the  prepared  membranes  with  varying 
amounts  of  functional  groups  grafted  onto  SEBS  copolymers  was 
further  studied  in  AEMFCs.  For  the  comparison,  the  performance  of 
AEMFCs  assembled  with  Tokuyamma  A901  membranes  was  also 
tested.  The  polarization  characteristics  and  power  curves  obtained 
in  various  AEMFCs  are  presented  in  Fig.  4a,  which  shows  that 
varying  OH-  conductivity  in  the  membranes  had  significant 
impacts  on  the  polarization  characteristics  and  the  power  capacity 
of  the  AEMFCs.  Since  catalyst  layers  and  gas  diffusion  layers  were 
identical  for  both  the  anodes  and  cathodes  in  all  the  test  cells,  the 
observed  variations  in  the  polarization  and  power  characteristic 


Table  1 

IEC,  water  uptake,  swelling  degree,  and  ionic  conductivity  at  room  temperature. 

IEC  (mmol  g_1)  Water  Swelling  degree  Ionic  conductivity 

uptake  (%)  (x-direction)  (mS  cnr1) 

SEBS:0.51  20.67  537  44 

SEBS:0.70  34.00  8.17  5.0 

SEBS:0.90  62.15  10.08  9.3 

A901:0.97  23.42  6.96  11.6 


Fig.  3.  Ionic  conductivity  (a)  and  Arrhenius  plots  (b)  of  QSEBS  membranes  and  the 
Tokuyamma  A901  membrane  at  different  temperatures. 


curves  with  various  AEMFCs  could  be  mainly  caused  by  the  impact 
of  OH-  conductivity  in  the  membranes.  The  AEMs  with  higher  IECs 
or  higher  OH-  conductivity  show  less  polarization  and  a  higher 
power  capacity.  The  power  density  of  the  AEMFCs  with  AEMs 
having  IEC  values  of  0.51, 0.70,  and  0.90  mmol  g-1  was  169, 222,  and 
285  mW  cm-2,  respectively,  at  50  °C,  while  the  power  density  of  the 
AEM  fuel  cells  with  the  Tokuyamma  A901  membrane  was  close  to 
343  mW  cm-2.  Since  the  homemade  membranes  were  about 
30  pm,  which  was  much  thicker  than  the  commercial  A901 
membrane,  IR-corrected  polarization  curves  were  also  plotted  in 
Fig.  4b.  After  IR-correction,  the  AEMFCs  using  the  SEBS  membranes 
with  the  0.90  mmol  g-1  IEC  showed  the  most  comparable  polari¬ 
zation  characteristics  to  that  observed  with  the  Tokuyamma  A901 
membranes.  Although  there  were  various  degrees  of  swelling  on 
the  SEBS  membranes  with  different  OH-  contents  (Fig.  2),  the  ionic 
conductivity  seems  to  play  a  major  role  in  determining  the 
membrane  performance  in  fuel  cells:  higher  OH-  conductivity  in 
the  membranes  led  to  less  polarizations  and  higher  power  capacity. 
When  the  polymeric  electrolytes  were  used  as  the  ionomer  binders 
to  prepare  the  catalyst  layers,  the  swelling  of  the  ionomers  was 
found  to  impact  the  fuel  cell  performance  much  significantly:  the 
ionomers  with  the  higher  OH-  conductivity  were  not  guaranteed  to 
have  higher  performance  in  AEM  fuel  cells  since  the  high  degree  of 
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Fig.  4.  I-V  polarization  and  power  density  curves  of  MEAs  fabricated  with  QSEBS 
membranes  and  the  Tokuyamma  A901  membrane.  Test  conditions:  Pt 
loading  =  1  mg  crrr2  for  both  the  cathode  and  anode;  cell  and  H2/O2  humidifier 
temperatures=50  °C;  H2  and  02  flow  rates=0.2  L  min-1  at  20  psi  backpressure  and 
100%  RH. 


swelling  of  some  of  the  ionomers  resulted  extensive  cell  voltage 
losses  [31]. 

By  carefully  examining  Fig.  4b,  one  can  see  that  there  were  three 
polarization  regions  observed  on  the  MEAs  with  the  lowest  IEC 
membranes  (SEBS:0.51),  in  the  cell  voltage  regions  of  1.1  -0.8  V, 
0.8-0.3  V,  and  0.3— 0.1  V,  respectively.  These  were  quite  distinct 
from  the  polarization  curves  observed  with  the  other  MEAs  using 
higher  IEC  membranes  (SEBS:0.70,  SEBS:0.90,  and  A901),  which 
had  two  polarization  regions.  In  the  low  current  discharge  or  high 
cell  voltage  region  (>0.8  V),  the  drop  in  cell  voltages  as  a  function  of 
the  discharge  current  density  was  quite  similar  for  all  the  test  cells 
with  various  membranes  regardless  of  the  varying  OH-  conduc¬ 
tivity  in  the  membranes,  which  indicates  that  the  polarizations  in 
the  high  cell  voltage  and  low  discharge  current  regions  are  not 
significantly  affected  by  the  varying  OH”  conductivity  in  the 
membranes.  However,  in  the  cell  voltage  regions  of  0.8— 0.3  V,  the 
cell  voltages  of  the  MEAs  with  the  SEBS:0.51  membranes  dropped 
the  fastest,  compared  to  other  MEAs  with  the  same  discharge 
currents.  It  is  revealed  that  the  OH”  conductivity  in  the  membranes 
had  a  significant  impact  on  the  polarizations  of  the  electrodes  in 
this  voltage  region:  the  membranes  with  lower  OH”  conductivity 
showed  higher  overpotentials  at  the  same  discharge  currents.  In 
the  low  cell  voltage  (<0.3  V)  regions,  the  MEAs  with  the 


membranes  having  the  lowest  IEC  (SEBS:0.51)  showed  less  voltage 
drops  than  those  observed  in  the  cell  voltage  region  of  0.8— 0.3  V 
with  increasing  discharge  currents,  while  the  MEAs  with  the 
higher  IEC  membranes  (SEBS:0.70  or  SEBS:0.90)  showed 
continuing  voltage  drops  with  increasing  discharge  currents.  At  the 
cell  voltage  of  0.1  V,  the  discharge  current  densities  produced  by 
the  MEAs  with  the  SEBS:0.51  membranes  became  overlapped  with 
those  obtained  in  the  MEAs  using  SEBS:0.70  membranes.  In  order 
to  better  understand  the  polarization  characteristics  of  MEAs  with 
various  membranes  at  various  voltages  or  currents,  electrochemical 
impedance  spectra  (EIS)  were  recorded  at  various  voltages  for 
analyzing  how  OH”  conductivity  in  the  membranes  affects  the 
performance  of  AEMFCs. 

3.3.  Electrochemical  impedance  spectra  (EIS)  and  analysis 

The  EIS  obtained  at  the  cell  voltages  of  0.900,  0.700,  0.500,  and 
0.300  V,  respectively,  are  presented  in  Fig.  5.  When  the  cell  voltage 
was  set  at  0.900  V,  where  small  discharge  currents  were  obtained  in 
the  test  cells  assembled  with  various  membranes,  two  impedance 
loops  in  the  Nyquist  plots  were  obtained  (Fig.  5a).  According  to 
a  previous  report  [34],  the  two  loops  located  at  the  high  and  low 
frequency  regions  can  be  attributed  to  the  charge  transfer  imped¬ 
ances  of  the  anode  at  the  high  frequency  region  and  the  charge 
transfer  impedances  for  the  cathode  at  the  low  frequency  region.  At 
the  cell  voltages  of  0.700, 0.500,  and  0.300  V,  as  shown  in  Fig.  5b— d 
a  third  loop  at  the  lowest  frequency  region  appeared.  The  diameter 
of  the  third  loop  was  found  to  depend  on  not  only  the  OH” 
conductivity  in  the  membranes,  but  also  the  cell  voltages  or 
discharge  currents  of  the  AEMFCs.  The  third  loop  has  been  reported 
by  others  [34]  and  referred  to  the  mass  transport  impedance  in 
a  fuel  cell.  Since  we  used  identical  anodes  and  cathodes  in  all  the 
AEMFCs  in  this  work,  the  mass  transports  of  reactants,  such  as  O2  or 
water  in  the  cathode  and  H2  in  the  anode,  are  expected  to  be  similar 
for  all  the  test  cells  at  the  same  discharge  currents.  The  largest  third 
loop  observed  in  the  EIS  with  the  AEMFCs  using  the  SEBS:0.51 
membranes  at  the  cell  voltages  of  0.700  V  and  0.500  V  are  attrib¬ 
uted  to  the  large  OH”  transport  impedance  due  to  the  low  OH” 
conductivity  in  the  membranes.  For  the  membranes  with  limited 
IEC  or  OH”  conductivity,  the  OH”  produced  at  the  cathode  could 
not  be  transported  to  the  anode  fast  enough  and  resulted  in  a  local 
accumulation  of  OH”  ions  on  the  cathode  due  to  the  rather  high 
electrical  field  presented  between  the  cathode  and  the  anode. 
When  the  formed  OH”  species  were  accumulated  at  the  cathode, 
the  positive  potentials  at  the  cathode  were  favorable  for  the 
adsorption  of  OH”  ions  on  the  Pt  catalyst  surfaces,  resulting  in 
losing  active  sites  of  Pt  catalysts  for  the  oxygen  reduction  reactions 
and  increasing  overpotentials  at  the  cathode  or  reducing  O2 
reduction  currents.  When  the  cell  voltages  dropped  to  0.300  V,  the 
diameter  of  the  third  loop  for  the  MEAs  with  the  SEBS:0.51 
membranes  was  reduced  significantly  as  compared  with  those 
observed  at  cell  voltages  of  0.500  and  0.700  V.  The  diameter  of  the 
third  loop  obtained  with  the  MEAs  using  either  the  SEBS:0.70  or 
SEBS:0.90  membranes  increased  slightly  with  increasing  discharge 
currents.  Since  the  membranes  with  higher  IEC  or  OH”  conductivity 
could  exchange  sufficient  OH”  ions,  the  accumulation  of  OH”  ions 
at  the  cathode  due  to  the  limited  OH”  exchange  capacity  would  not 
be  as  significant  as  that  with  the  SEBS:0.51  membranes.  The 
membranes  with  higher  OH”  conductivities  had  low  overpotentials 
on  their  cathodes,  resulting  in  higher  discharge  currents  across 
a  wide  voltage  region  (0.8-0.1  V).  At  a  cell  voltage  of  0.300  V,  the 
diameter  of  the  third  loop  observed  in  the  AEMFCs  using  the 
SEBS:0.51  membranes  was  slightly  smaller  than  that  in  the 
SEBS:0.70  membranes,  mainly  due  to  the  different  discharge 
currents  obtained  at  the  cell  voltage  of  0.300  V.  The  current 
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Fig.  5.  Electrochemical  impedance  spectra  of  the  fuel  cells  with  QSEBS  membranes  and  the  Tokuyamma  A901  membrane  at  the  cell  voltage  of  0.900  V  (a),  0.700  V  (b),  0.500  V  (c), 
and  0.300  V  (d);  100%  RH  and  20  psi  backpressure  for  H2/02. 


densities  recorded  at  0.300  V  were  410  mA  cm  2  and  600  mA  cm-2 
for  the  AEMFCs  with  SEBS:0.51  and  SEBS:0.70  membranes, 
respectively.  A  higher  current  density  resulted  in  higher  concen¬ 
trations  of  OH-  ions  produced  at  the  cathode.  If  the  membrane  did 
not  have  sufficient  OH  conductivity  to  transport  the  large  amounts 
of  OH-  produced  by  the  O2  reduction  reactions  at  high  currents,  the 
overpotentials  at  the  cathode  increased  due  to  the  increased  OH- 
transport  impedance. 

Based  on  the  polarization  curves  of  the  AEMFCs  and  the  EIS 
results,  it  can  be  seen  that  (1 )  the  OH-  conductivity  in  a  membrane 
had  a  significant  impact  on  the  internal  impedance  and  the  OH~ 
transport  impedance  of  the  AEMFCs;  (2)  high  cell  voltages  caused 
an  electric  field  that  was  favorable  for  strong  adsorptions  of  OH-  on 
the  cathode  catalysts,  resulting  in  OH-  movement  against  the 
concentration  gradient  and,  thus,  increased  OH”  transport 
impedance;  and  (3)  discharge  current  densities  affected  the  OH 
diffusion  from  the  cathode  to  the  anode,  and  depended  on  the  OH- 
exchange  capacity  in  the  membranes. 

3.4.  Models  for  simulating  OH~  transport  resistance  through  AEMs 

To  better  understand  the  EIS  results,  the  impedance  spectra  with 
the  high  and  low  frequency  loops  at  the  cell  voltage  of  0.900  V  was 
simulated  by  using  an  equivalent  circuit  shown  in  Fig.  6a  [35,36]. 
When  the  OH-  transport  limitation  (due  to  the  low  OH-  conduc¬ 
tivity  in  a  membrane)  became  a  significant  factor,  the  third  loop 
appeared  in  the  low  frequency  region.  The  EIS  was  simulated  by 
using  the  equivalent  circuit  shown  in  Fig.  6b  [37—41  ].  Here,  Ri  is  the 


fuel  cell  internal  resistance,  and  Ra,ct  and  Rc,ct  are  the  charge  transfer 
resistances  at  the  anode  and  cathode,  respectively.  The  resistance  of 
mass  transport  at  different  overpotentials  is  designated  as  Rm ass- 
Due  to  the  nature  of  the  porous  electrodes,  the  constant  phase 
elements  CPEa,  CPEc,  and  CPEmass  were  used  in  the  capacitance 
simulation. 

Table  2  summarizes  the  simulation  results  for  the  EIS  obtained 
at  various  voltages,  as  shown  in  Fig.  5a— d.  The  values  of  Ri  for  the 
AEM  fuel  cells  with  SEBS:0.51,  SEBS:0.70,  SEBS:0.90,  and  the 
commercial  A901  membranes  were  estimated  to  be  0.28,  0.26,  0.19, 
and  0.14  Cl  cm2,  respectively,  which  correlates  well  with  the  OH- 
conductivity  of  the  membranes  and  points  out  that  the  values  of  R, 
were  not  affected  by  either  the  overpotentials  or  the  discharge 
current  densities  of  the  AEMFCs.  The  charge  transfer  resistances  in 
both  the  anode  (Ra,ct)  and  the  cathode  (Rc,ct)  were  also  estimated 
and  are  listed  in  Table  2.  Both  the  values  of  Rac t  and  the  Rc,c t  were 
not  significantly  affected  by  the  varying  OH-  conductivities  in  the 
membranes,  but  were  reduced  noticeably  by  the  increasing  over¬ 
potentials  or  current  densities.  The  values  of  Ra  ct  for  various  AEMs 
were  estimated  to  be  in  the  range  of  0.28—0.35  Q  cm2  at  a  cell 
voltage  of  0.900  V  and  were  reduced  to  0.09—0.14  Q  cm2  at  a  cell 
voltage  of  0.300  V.  Similarly,  the  values  of  Rcct  for  the  various  AEMs 
were  in  the  range  of  0.57—0.63  Q  cm2  at  the  cell  voltage  of  0.900  V, 
and  dropped  to  0.2  Q  cm2  at  the  cell  voltage  of 0.300  V.  The  Rc,ct  was 
consistently  higher  than  the  Ra,ct  in  the  entire  fuel  cell  operation 
voltage  region.  According  to  these  results,  one  can  see  that  is 
essential  to  reduce  the  Rc,ct  and  the  Ract,  especially  at  the  higher  cell 
voltage  regions,  to  improve  the  performance  of  AEMFCs. 
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Fig.  6.  Equivalent  circuits  for  modeling  the  electrochemical  impedance  spectra  without  (a)  and  with  (b)  hydroxide  ion  transport  limitations. 


As  shown  in  Table  2,  the  mass  transportation  resistance  (Rmass) 
appears  at  0.700  V  and  was  affected  significantly  by  the  OH- 
conductivity  in  the  membranes.  The  membranes  with  the  higher 
OH-  conductivity  showed  less  Rm ass  at  0.700  V.  By  increasing  the 
discharge  currents  or  reducing  the  cell  voltages  to  0.500  V,  the  Rmass 
increased  more  than  twice  than  what  was  observed  at  0.700  V  for 
all  the  membranes.  Again,  the  membranes  with  the  higher  OH 
conductivity  showed  less  Rmass  at  0.500  V.  However,  when  the  cell 
voltages  dropped  to  0.300  V,  the  values  of  Rmass  reduced  signifi¬ 
cantly  for  the  Tokuyamma  A901  and  the  SEBS:0.51  membrane.  At 
the  cell  voltages  of  0.700  and  0.500  V,  the  AEM  fuel  cells  prepared 
with  the  SEBS:0.51  membrane  showed  the  highest  Rmass  values, 
which  were  1.156  and  2.911  Q  cm2,  respectively,  but  were  reduced 
to  0.402  fl  cm2  at  the  cell  voltage  of  0.300  V.  The  lower  Rmass  with 
the  reduced  cell  voltages  (below  0.300  V)  for  the  SEBS:0.51 
membranes  resulted  in  changes  in  the  polarization  characteristics 
in  fuel  cell  performance  in  this  voltage  region  (Fig.  4b).  Since  the 
membranes  (SEBS:0.51)  with  the  lowest  IEC  or  OH-  conductivity 
also  had  the  lowest  Rmass  among  the  three  homemade  SEBS-based 
membranes  at  the  low  cell  voltage  region  (<0.3  V),  one  may 


wonder  if  the  OH-  conductivity  in  the  membranes  was  not  the 
controlling  factor  impacting  the  Rmass-  The  AEMFCs  with  both 
SEBS:0.70  and  SEBS:0.90  membranes  showed  a  higher  Rmass  at 
0.300  V  than  those  at  0.700  or  0.500  V.  The  values  of  the  Rmass  could 
not  be  simply  correlated  to  the  OH-  conductivity  in  the 
membranes,  which  likely  also  includes  other  resistances  from  the 
mass  transport  of  O2,  H2,  or  H2O. 

As  we  know,  an  electric  field  is  present  between  the  cathode  and 
the  anode  in  a  membrane  (10—30  pm).  When  an  AEM  fuel  cell  is 
operating  at  a  high  cell  voltage  region  (>0.8  V),  the  potential  of  the 
cathodes  is  much  positive  than  the  potential  of  the  anode.  Because 
a  positive  electric  field  is  favorable  for  the  adsorption  of  OH-  on  the 
Pt  cathode  catalyst,  a  fraction  of  the  electrochemically  active  sites  on 
the  Pt/C  catalysts  can  be  blocked  and  result  in  increasing  charge 
transfer  impedances  of  the  Rc,ct  and  Ract.  By  reducing  the  cell  volt¬ 
ages,  the  electric  field  responsible  for  the  OH-  drag  at  the  cathode 
was  weakened  and  resulted  in  not  only  reducing  the  charge  transfer 
resistances,  but  also  reducing  the  Rmass  at  the  same  discharge 
currents  since  the  OH-  diffusion  is  mainly  governed  by  the 
concentration  gradient  of  the  OH-,  and  the  OH-  exchange  capacity 
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0.1698 

0.0179 

0.8314 

0.458 

1.27 

0.6375 

0.300 

0.09532 

0.001106 

1 

0.1319 

0.1882 

0.04219 

0.7121 

0.2962 

1.486 

0.713 

SEBS:0.51 

0.900 

0.3709 

0.006926 

0.7599 

0.2765 

0.6011 

0.07873 

0.8124 

_ 

_ 

_ 

0.700 
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0.3117 
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0.5634 

2.911 
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0.7564 
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0.1399 
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0.9307 
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0.1064 
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1 
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0.7735 

0.2596 
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_ 
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0.1729 
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0.3707 
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0.500 

0.1206 
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1 
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0.9021 
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1 
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0.500 
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of  the  membranes.  As  shown  in  Fig.  4b,  fewer  drops  in  cell  voltage 
were  observed  on  the  AEMFCs  with  the  higher  IEC  membranes  at  the 
same  current  densities.  For  the  AEMFCs  with  the  lowest  IEC 
membranes  (SEBS:0.51 ),  significant  cell  voltage  drops  in  the  voltage 
region  of  0.8— 0.3  V  (Fig.  4b)  could  have  contributed  to  the  low  OH 
exchange  capacity  in  the  membranes,  which  caused  the  accumula¬ 
tion  of  OH-  at  the  cathode  and  increased  the  Rc,ct,  Rmass.  and  Ra  ct- 
Flowever,  the  limitation  of  OFT  transport  can  be  mitigated  by 
reducing  the  electrical  field  at  the  lower  cell  voltage  (<0.3  V).  The 
SEBS:0.51  membrane  showed  an  improved  performance  at  a  low  cell 
voltage  (<0.3  V).  This  finding  is  very  important  to  understand  the 
OF!  transport  mechanism  in  anion  exchange  membranes. 
Increasing  the  amounts  of  functional  groups  or  IECs  in  polymeric 
electrolytes  can  improve  the  OFT  transport  routes,  which  can  lessen 
the  impacts  by  the  electric  field  for  OH-  drag  at  the  cathode  in  high 
cell  voltage  regions,  as  demonstrated  by  the  improved  AEMFC 
performance  observed  in  the  high  functional  group  membranes, 
such  as  the  SEBS:0.90  and  the  Tokuyamma  A901  membranes. 

4.  Conclusion 

In  this  study,  anion-exchange  membranes  with  varying  amounts  of 
quaternary  functional  groups  on  a  styrene— ethylene/ 
butylene— styrene  (SEBS)  block  copolymer  were  successfully  devel¬ 
oped  for  solid  H2/O2  fuel  cells.  With  the  prerequisite  of  a  high 
mechanical  strength  for  the  preparation  of  the  membrane  of  electrode 
assemblies,  the  ionic  conductivity  of  the  membranes  was  able  to  be 
improved  by  increasing  the  amount  of  quaternary  functional  groups  on 
the  SEBS  polymers.  From  the  polarization  curves  and  the  electro¬ 
chemical  impedance  spectra  of  fuel  cells  with  varying  functionalized 
membranes,  it  was  revealed  that  an  electric  field  was  present  between 
the  anode  and  the  cathode  against  the  OH  transportation  from  the 
cathode  to  the  anode,  especially  at  the  higher  cell  voltage  regions. 
When  the  OH-  transport  channels  were  limited  in  the  membranes  that 
contained  fewer  functional  groups,  or  when  the  intensity  of  the  electric 
field  was  very  strong  at  the  high  cell  voltage  regions,  the  OH-  transport 
resistance  became  a  controlling  factor  to  cause  severe  polarizations  in 
the  fuel  cells.  It  was  demonstrated  that  increasing  the  OH”  conductivity 
in  a  membrane  reduced  internal  impedance,  reduced  OH”  transport 
impedance,  and  reduced  OH”  dragging  effects  at  the  cathode  due  to  the 
strong  electric  field,  which  also  led  to  a  significant  reduction  in  the 
electrode  overpotentials  during  the  operation  of  the  AEM  fuel  cell. 
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